Fabrication of high mobility  in situ back-gated (311)A hole gas
heterojunctions
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Using ann-type (311)A GaAs substrate we have fabricaiedsitu back-gated GaAéAl,Ga)As hole

gases with mobilities ofu=1.1x10° cm?V 1s ! at 30 mK. We have investigated both
experimentally and theoretically the scattering mechanisms that limit the mobility in both the
[233] and[ 011] directions. Using a combination of front and back gates to keep the carrier density
constant, we can distinguish between scattering mechanisms which are primarily dependent on the
carrier density and those that are sensitive to the shape of the hole wave function. This approach also
eliminates complications arising from the variations of the Fermi surface anisotropy with carrier
density. Our data confirms that anisotropic interface roughness scattering, arising from the nature of
the (311)A GaAs surface, is the dominant scattering mechanism at carrier densities down to
Ps=5.0x10 cm 2 © 1997 American Institute of Physid$S0003-695(97)03820-5

In recent years high mobility GaAs/AlGaAs hole gas eliminates any complications that may arise from variations
heterojunctions for transport studies have been fabricated aof the Fermi surface anisotropy with carrier density.
the (31DA surface of GaAs, where silicon acts an The samples were grown by molecular beam epitaxy
acceptor:—3 One of the properties of using this surface is that(MBE) and consisted of 200 A GaAs, a 2000 A
the mobility is found to be strongly anisotropic, the mobility Al 35Ga, ¢As back barrier layer, um GaAs, 500 A un-

in the [ 233] direction being greater than that in the11]  doped Aps;fGa cAs spacer layer, 2000 A HbCaeAS
direction®® This anisotropy was originally attributed to the doped at 1.& 1917 Cfnf‘q’ and a 170 A GaAs capping layer.
anisotropy of the valence band which results in different ef-The back-gate is situated onlyugh from the 2DHG such

fective masses in ﬂ[@g,] and[OlT] directions? However, that qr)ly §mal| biases are required and there- are no inhomo-
the mobility anisotropy is too large to be fully explained by geneities in the .hole gas, even at low densities. The wafer
anisotropy in the Fermi surface; furthermore a large mobilityVaS Processed into an orthogonal Hall bar geometry with
anisotropy is also found in electron gases grown(3hl)B AuBe ohmic contacts to the 2DHG, AuGeNi Ohmic contacts
GaAs substrates, where the Fermi surface is known to b the back gate and a NiCr/Au front Schottky gate. Magne-
circular and isotropié The mobility anisotropy {311 sys-  totransport measurements were carried out at 30 mK. The
tems in now believed to be related to the surface structure dfack gate could be operated in the range.5 V<Vy<1.1
{311} GaAs. Both electron diffractidrand scanning tunnel- V» @nd the front gate in the range0.4 V<V;<0.1 V, with

ing microscopy(STM) studie§ of the (31DA surface of gate leakage cgrrents below ?nA. The carrier densf;tyvas.
GaAs indicate that the surface reconstructs to form quasfound to vary linearly both with front- and back-gate bias,

periodic corrugations perpendicular to thESS] direction, such thatgps/oV, agreed to _V\_”th'_n 8% of the values ex-
with a 32 A period and height of 2 ML (340.4 A). Itis  Pected from the growth specifications. _
this mesoscopic roughening of the surface that accounts for _Figure 1 shows the mobilities in both the33] and
the mobility anisotropy observed in both electron and hold 011] directions as a function gfs, obtained by sweeping
gases formed o311} surfaces:* Vi at different values of V,q. At low densities

In this letter we present transport properties of a high(Ps<4.0X10'° cm™?) there is little or no anisotropy. As
mobility two dimensional hole ga@DHG) measured at 30 Vi iS made more negativéincreasing the carrier densjty
mK, using both a “back” gate situated below the 2DHG, as #[233) Increases monotonically. In contragt;o;7y initially
well as having a surface Schottky “front” gate. The advan-increases and then above a certain carrier density is observed
tages of having both gates is the ability to have independerip decrease. This decrease has been attributed to the increas-
control over both the carrier density and the shape of the hol#g importance of anisotropic interface roughness scattering
wave function. In particular, it is possible to maintain a con-in the [011] direction at high carrier densitiésAt a fixed
stant carrier density whilst moving the holes either towards, the mobility in both directions is observed to decrease as
or away from the heterointerface. This allows us to distin-V,, increases. In this situation, & is increasedyy has to
guish between scattering mechanisms which are primarilylecrease to maintain a constat The net effect is to push
dependent on the carrier density and those that are also setire hole wave function further up against the heterointerface
sitive to the shape of the hole wave function. Furthermore, ithereby increasing the interface roughness scattering.
In order to understand the physical mechanisms deter-
3Electronic mail: mys12@cus.cam.ac.uk mining the mobility in this sample, a simple calculation of
PPresent address: ToshilR & D Centre, 1 Komukai, Kawasaki 210, Japan. the mobility in the two orthogonal directions, taking into
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FIG. 1. Experimental mobilities as a function of carrier density for both the FIG. 2. Experimentally measured and theoretically calculated mobilities as a

[011] and[233] directions obtained by sweeping the front-gate at incre- function of carrier density foW,,=0V. The solid lines show the theoretical
mental values of 0.05 V in the back-gate voltage. mobilities due to the combined scattering mechanisms in the two directions;
the experimental data is marked with symbols.

account the deformation of the wave function by the front
and back gate, was performed. Scattering from the followindpand scattering. Finally, the mobilities due to the various
sources was consideredi) remote ionised impurities scattering mechanisms were combined using Matthiessen’s
(wa), (i) anisotropic interface roughnessui(zas,  rule, to obtain the total mobilitieg zss and wiory -
Mio11])» @nd(iii) residual impurity scatteringu,). The cal- Figure 2 shows both the experimental and theoretical
culations were performed for=I0 K, using a Fang-Howard Values ofu 333 andug13j as a function ops, for V,;=0 V.
wave function, with screening included in the long wave-The dashed lines show the calculated mobilities for the vari-
length limit. In a normal heterostructure the shape of thisous scattering mechanisms, using the following parameters:
wave function is determined solely bys, which is con-  Ngoping=0.6X 10" cm™3, Np=5x10" cm™3, A=2 A
trolled by the front gate. In our system the variational param-\ 233 =130 A and A;o;=32 A. These parameters agree
eter b that determines the shape of the wave functionwell with the experimental growth conditions used, and with
#(z)=b%?(2\/2)zexp(~bz2) now depends on boths and  the size and height of the mesoscopic surface roughness ob-
Vig: b3=8m}/7i?[33e?p/64c — 3eEpd4]. HereEpgy is the  served in Ref. 6. The same parameters were found to give
electric field due to the back-gate bias? is the effective ~good agreement between theory and experiment for all back-
mass perpendicular to the heterojunctiep,is the dielectric ~ gate biases studied. From the calculations we see that at high
constant of GaAs, and™ ! is a measure of the width of the Ps the mobility is limited by interface roughness scattering
2D hole gas:® and is thus highly anisotropic. As the carrier density is re-
The mobilitiesu,; and uy, were calculated as described duced the dominant scattering mechanism changes from in-
in Ref. 9, whilst calculation of the interface roughnessterface roughness to remote ionised impurity scattering, and
scattering® was modified such that the effective field push-the mobility thus decreases and becomes more isotropic. The
ing the holes up against the heterointerf&gg now includes ~ €xperimental data is in good agreement with the calculated

a term due to the back gate: mobilities, although we find that at loyw, the mobility an-
isotropy does not disappear as fast as the calculations sug-
,0U €2 gest. Better agreement with the experimental data at lower
Feff:J dZ|y(2)| a9z 2_8L+3Ebg (D) carrier densities can be achieved by altering the correlation

lengthsA 333 and A oq77 . By using larger island sizes in the
where U(z) is the potential energy. In this equation the calculations, it was possible to reproduce the mobility anisot-
front-gate bias is represented by the dependende.pfon  ropy observed at low carrier densities, but significantly
ps, and so does not appear explicitly, whereas the back gat®orse agreement was then found at higher carrier densities.
affects bothps andE,g. In our analysis the interface rough- These results are consistent with the STM studies of the
ness is characterized by three parameters: the amplitude B811)A surface: at high carrier densities the mobility is domi-
the roughness\, and two (Gaussiah correlation lengths nated by scattering from the quasi-period®2 A) corruga-
A[233; and A[g135 - The anisotropy of the scattering rate wastions and is thus highly anisotropic. At lower carrier densi-
incorporated using a method described in Ref. 11. ties it is the large elliptical islands that are important in

In this sample only the heavy hole band is occupied, butletermining the interface roughness scattering.

the asymmetric confining potential in a single heterojunction ~ We now turn to the effects of keeping the total carrier
leads to a lifting of the spin degeneracy away frem0 at  density constant, whilst using both gates to move the holes
B=0.1? To account for this we have used a two band modelfowards or away from the heterointerface. Figure 3 shows the
with effective masses of 0.281, and 0.38m, for the two  mobility ratio w333/p[0177, Measured at several different
hole specie$,but have neglected the possibility of intersub- carrier densities as a function vf,,. For all densities mea-
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l : . . of Vpq. The same fitting parameters are used as in fig. 2. It

5 0x10M 1.75x10"! 1.5x10" can be seen that both the background and remote ionised
1.6;;/1( / - | impurity scattering rates are almost independent of the back-
/1.25:;10“ gate bias, as they are primarily determined by the the Fermi
£ / wave vectorkg (and hence byg). The interface roughness
g / /_Oan scattering, however, is sensitive to the shape of the wave
iy function, so increasinyy, causes the mobilities in both the
= 1.4Wf/ 0.75x101 [233] and[011] directions to decrease, although not at the
§ e same rate. The fit is shown here for one carrier density, but
T 0.5x1011 was found to be in good agreement for all carrier densities
me'/ ’ presented in fig. 3. The inset to fig. 4 shows a good fit to the
/ mobility ratio obtained from modeling the data at one fixed
1-20. 5 5 05 : 1‘5‘ carrier density confirming the validity of the simple model.

In summary, we have reported the fabrication of the first
in situ high mobility back-gated GaAs-AlGaAs 2D hole gas.
The scattering mechanisms limiting the mobility have been
investigated both theoretically and experimentally and re-
lated to recent STM studies of t{B811)A GaAs surface. In
particular, we have demonstrated how a combination of back
sured, the effect of increasing,q (whilst decreasing/s;) is  and front gates can be used to deform the hole gas wave
to increase the mobility ratio. By increasing,, we are ef-  function and therefore alter the relative importance of inter-
fectively pushing the holes up against the heterointerfacgace roughness and ionised impurity scattering at constant
leading to a reduction in the mobility in both th@33] and  carrier density. In future, such devices as these will be im-
[011] directions. Since interface roughness scattering iortant for studies of bilayer hole systems and zero-field spin
more important in determining the mobility in tfie11] di-  SPlitting in single hole gases.
rection than thg 233] direction, w0137 Will decrease more This work was funded by EPSRWU.K.).
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FIG. 3. The measured mobility ratig,>33/1017 @s a function oy, for
different carrier densitieecm™?2).
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